Abstract-Different types of sensors are being used to study deglutition and mastication. These often suffer from problems related to portability, cost, reliability, comfort etc. that make it difficult to use for long term studies. An inertial measurement based sensor seems a good fit in this application; however its use has not been explored much for the specific application of deglutition research. In this paper, we present a system comprised of an IMU and EMG sensor that are integrated together as a single system. With a preliminary experiment, we determine that the system can be used for measuring the head-neck posture during swallowing in addition to other parameters during the swallowing phase. The EMG sensor may not always be a reliable source of physiological data especially for small clustered muscles like the ones responsible for swallowing. In this case, we explore the possibility of using gyroscopic data for the recognition of deglutition events.
esophageal phase. Of these, the oral and the pharyngeal phases are the most difficult to measure [1] . The exact mechanics of the swallowing process still remain unknown. In fact, the relative timings and the contribution of various muscles to the swallowing process are not consistent in literature [2] .
No single unique solution exists to study the swallowing process especially for diagnostic as well as research purposes. No sensor provides the complete information of the entire process by itself, hence requiring a combination of multiple sensors of different types. A number of studies have been done over the years by using different types and combinations of sensors. These include using videofluoroscopy [3] [4], piezoelectric sensors [5] [6] , electromyography [4] [6] [7] , Electroencephalography [7] , electrolaryngography [8] , microphones [9] and pressure sensors [1] [2] [4] etc. In addition, we note that Inertial Measurement Units (IMUs) have not been used in swallowing studies except for tracking limb movements [9] . For using sensors with human subjects, especially for patients, there are several constraints that must be considered. These include comfort, safety, reliability, non-invasiveness, cost and portability. Many swallows occur unconsciously throughout the day and also during sleep [7] . Usually, the sensors used in previous studies were not portable and were either, tethered to monitoring systems by cables that make it inconvenient for long term sensing for many hours or used local storage without any means to view real-time data [5] . To better understand the role of various parts in swallowing, good data on physiological processes are necessary. Therefore, there is a need for a system that can help collect accurate empirical and quantitative data related to this process. The various sensors used should also be synchronized in order to better understand the relative timings of different processes involved.
The aim of this work is to present the development of a new system using a new combination of sensors for measuring swallowing for several hours. The aspects currently under measurement for swallowing study for our purpose are; the head movement, posture and the electromyographic activity during swallowing process. For the preliminary study, we postulated that the hyoid movement during bolus swallowing caused a small change in the relative head-neck angle depending on the head orientation. Head and neck postures are known to affect the dysphagia limit [6] . Hence, it is important to measure this parameter. This movement and the accompanying electromyographic signals were recorded with the developed system and subsequently analyzed.
Surface EMG is an electrophysiological procedure that measures skeletal muscular activity at the skin. It is relatively simple, non-invasive and has a low level of discomfort. For measuring the head movement, a miniaturized CAN-connected IMU, named WB-4R, was used. This IMU was developed in our group and primarily contains a mother board containing a 3-axis gyroscope, a 3-axis accelerometer, and a 3-axis magnetometer [10] . The mother board can be connected to either a Bluetooth module for direct wireless communication, or to a CAN transceiver board for wired connections. Two WB-4R units were used for measuring the head-neck angle. One IMU was tied to the back of the head with a Velcro band. As the head is considerably rigid, the exact placement does not matter. The second IMU was fixed over the seventh cervical vertebra, C7 [11] , with medical grade tape. This is because C7 is very close to the relative axis of rotation between the cervical spine and the trunk [12] .
Application of Wireless
An optical marker based position tracking system, the Optotrak™ Certus Motion Capture system, was used to verify the motion of the IMUs. Each IMU was mounted in a 3D printed case with four circular depressions at the corners. Four markers were affixed on each IMU over the matching depressions. The markers were 'active-type' and strobed at 3 KHz. A single Optotrak Position sensor was placed 4 m behind the subject to capture the marker movement.
For monitoring the electromyographic activity during swallowing, an EMG sensor was used which was developed in our group as well [13] . This EMG sensor uses copper core Gold plated dry electrodes for sensing. The idea was to create an inexpensive biopotential signal acquisition platform that could be readily integrated with our other sensors following a similar protocol while remaining cost effective. The sensor has a fixed gain of 1500, with a 20Hz~450Hz signal band. The signal is sampled using an ARM Cortex-M1 microcontroller with a 12-bit ADC at a sampling rate of 1 KHz. These sensors were attached underneath the subject's chin, over the suprahyoid muscle using medical grade tape [14] . Before attaching the electrodes, the skin at the site was cleaned by gauze with alcohol. The EMG sensor was also connected to the CAN bus.
Finally, for data communication, a separate module was used, dubbed as the 'Central Board', which polls all the sensors connected to the CAN bus, packages the data and transmits to the PC wirelessly over Bluetooth. The data are recorded in the PC and processed.
The sensor system and the recording program as well as post processing algorithm was tested several times by mounting the setup on a tripod and moving the sensors manually about various angles, with a video recording. The angles from IMU and the Optotrak were then found to be in agreement. Details of the comparison have been published elsewhere in [15] . RMS Error of WB-4R compared to Optotrak is given in Table I . 
B. Data Collection and Preprocessing Program
A computer program records the data stream from the Central Board over Bluetooth [15] . The software implements Quaternion-based Extended Kalman Filter (EKF) to estimate the WB-4R orientation. The data acquisition for the different sensors, data preprocessing, EKF, data saving, and display processes are carried out on separate threads. The program further allows calibration of the IMU components, namely the gyroscope, accelerometer and magnetometer [15] .
C. Experimental Setup
The subjects wore the sensors and sat upright on a chair in a room with an ambient temperature of 25°C. A direct relationship has been observed between hyoid movement and bolus volume up to 10 ml [3] . Hence, 10 ml of water at room temperature was administered for each recording using a 25 ml graduated needleless syringe. For each subject, five repetitions of three trials were made at different head-neck angles. For the three trials, while sitting upright, the subjects were instructed to: 1. Keep the head at a neutral rest position facing forward, 2. Rotate the head upwards to a chin up position, 3. Rotate the head downwards to a chin tuck position.
Before proceeding further, subjects were given a demonstration of the IMU and EMG sensor use. The real-time data of their actions, head movement and swallowing, was shown to them on the Software GUI. The EMG electrode placement was verified by having the subjects perform dry swallows and also swallows with a small uncontrolled water bolus.
Before starting each recording, the bolus was administered and the subject was instructed to keep it in the mouth. Each swallowing recording was 10 second long. The subject was asked to swallow by the experimenter at the 5-second mark of the recording.
III. RESULTS
The post processing was performed using a MATLAB script that loaded the raw IMU, Optotrak and EMG data files automatically and arranged them into a structure.
A. IMU
From EKF implementation, the orientation quaternion was calculated and then converted into a rotation matrix. Following that, by simple transformation, the relative rotation matrix between the IMUs mounted on the neck and head was acquired. This was then converted into Tait-Bryan angles of XYZ convention, representing the roll, pitch and yaw angles. The angles were passed through a 128-point moving average filter implemented with zero-phase forward and reverse digital IIR filtering.
Additionally, some non-angular parameters were also considered such as the acceleration norm and the jerk norm.
B. Optotrak
For the Optotrak, though four markers were used for redundancy, only three were enough to specify a reference frame as in Fig. 1 . Since the markers can be obstructed by a number of environmental factors and experimental conditions, for every repetition and for every sensor, the marker with the most missing data was ignored and only the remaining three markers were used. Rotation matrices were calculated for the Optotrak frames and the relative angles between the two clusters of markers were acquired. The angles were filtered with the same scheme as the IMU angles.
C. EMG
In the present study, we examined the EMG activity in the suprahyoid muscles during swallowing. The EMG signal was rectified and smoothed with a moving average filter with a window size of 100. The onset of the sEMG signal is used to recognize the swallowing event. For the sake of brevity, we have shown selected frames to demonstrate the relevant data.
Data Analysis
The estimated angles from the IMU and Optotrak were plotted and compared against each other, along with the EMG signal timeline for each of the three positions; Neutral, Chin down and Chin up. A sample of the IMU and Optotrak is shown with superimposed pitch angles from the three different positions in Fig. 3 . In this figure, the green plots show the IMU pitch angles, while the magenta plots represent the corresponding Optotrak pitch angles.
We also compared the Roll, Pitch and Yaw angles for the IMU and Optotrak and computed the RMS Error for all the repetitions. These errors were averaged over repetitions across the subjects (Table II) .
Additionally, the Acceleration Norm and Jerk Norm were also considered (Fig. 4) during deglutition and displayed alongside EMG signal to see any variability due to deglutition. Finally, we also compared the gyroscope sensor norm values, corrected for offset and gain, and filtered with an 8-point moving average, at the deglutition event (Fig. 5) .
IV. DISCUSSION We can determine the head-neck posture in terms of Euler angles using this system. For the three different head positions, where the most important term is the pitch angle, it can be determined with high accuracy (0.26° Averaged RMSE) as shown by the preliminary data. Change in pitch angle, corresponding to the head movement, can also be observed during the deglutition event. The roll and yaw angles exhibit errors of a few degrees (1.63° and 1.24° Averaged RMSE Respectively), This is because there is an influence of the magnetometer in determining these angles, which can vary owing to environmental factors and stray electromagnetic fields.
Since there was a single Optotrak sensor available, in some cases, more than one marker from a frame could get occluded. In such cases, it would not be possible to determine all the angles. Hence we had to exclude some data and average over the remaining while computing RMSE (Table II) .
Using this system it is possible to measure parameters during the deglutition phase, such as the acceleration and the jerk norms. However, in many recordings, the acceleration norm is not distinct enough to be recognized as a swallowing event. So, the jerk norm can be a considerable parameter.
We found that there was some slight movement during deglutition that could be picked up by the gyroscope. As muscles in the neck region responsible for swallowing are also used for other physiological movements, the EMG for muscles in this region can be disturbed by other movements. For swallowing event detection using EMG, time domain features such as maximum and peaks may be useful to analyze [9] . However, owing to environmental and subject physiological factors, it may be difficult to obtain a good EMG recording in many cases. In such cases, we find that the swallowing event can be detected using the gyroscope instead.
V. CONCLUSION
We presented a novel approach to using an IMU and EMG based wearable sensor system for monitoring deglutition activities. As swallowing movement is known to arise from the contribution of different muscles and ligaments, to effectively understand the swallowing mechanism there is a need to get quantitative data about the different parts involved. This novel application, in deglutition study, of IMU sensors for head and movement and posture detection along with the accompanying EMG signals aims to provide exactly that.
We have shown in this work, the potential use of IMU and EMG sensors for measuring the head posture and muscle activity during deglutition. We have used the proposed sensor system for individual swallow events measurement. However, in the future, we intend to apply this method for monitoring for longer periods. We believe that this procedure can contribute towards better understanding and research of swallowing in humans.
Further works will adopt additional sensors of different types and sensor fusion methods for better identification of the swallowing events. Moreover, we plan to test the system efficacy further by using many additional test subjects. 
